Scanning capacitance microscopy detection of charge trapping in free-standing germanium nanodots and the passivation of hole trap sites J. Appl. Phys. 103, 054505 (2008) B implants of 1 keV, 1 ϫ 10 15 at. cm −2 into 125-nm-wide, free-standing Si nanostructures have been characterized using scanning spreading resistance microscopy following a 0 s, 1050°C anneal in N 2 . A curved diffusion front has been observed. B in the center of the ridge diffuses further than at the sides. A similar effect has been observed in SUPREM-IV simulations. It is attributed to a reduction in transient enhanced diffusion close to the vertical surfaces due to recombination of ion-implantation-induced excess Si self-interstitials.
I. INTRODUCTION
As scaling of conventional complementary metal-oxidesemiconductor (CMOS) devices becomes increasingly challenging, attention is being turned to a new generation of advanced metal-oxide-semiconductor field effect transistors (MOSFETs), such as double-gate transistors. The doublegate concept is a promising approach to avoid short-channel effects and to provide enhanced device characteristics.
1 Most of the layouts currently under investigation make use of nanostructured Si. For the introduction of dopants, ion implantation is likely to be employed due to its highly established technology. However, the application of ion implantation to nanoscale targets has not yet been studied in detail. It is well known that in planar targets the resulting dopant profile after implantation and annealing may be strongly affected by transient enhanced diffusion (TED), which is governed by the elevated point defect concentration resulting from implantation. 2 In particular, TED of B, induced by the excess Si self-interstitial population, poses major problems for the miniaturization of electronic devices. Shrinking dimensions also render devices susceptible to effects resulting from two-dimensional (2D) or three-dimensional diffusion. For localized implants in planar Si targets, both a decrease in TED, 3 as well as clear confirmation of 2D interstitial diffusion, 4 have been demonstrated. Significant evidence has also been adduced to suggest that TED is influenced by surface proximity. [5] [6] [7] A surface recombination length for Si selfinterstitials of Ͻ5, 7 100, 6 or 6 ± 5 nm 4 depending on experimental conditions, has been calculated, and it has been shown that the surface is the dominant sink for interstitials during TED. As lateral dimensions of implanted structures decrease, the availability of free surfaces increases, facilitating the enhanced annihilation of point defects at the surface. Consequently, dopant diffusion in nanostructured silicon is expected to differ significantly from that in bulk materials.
The analysis of ion-implanted nanostructured Si requires major adaptations of conventional techniques, in particular when 2D information is required. Currently, the two most promising approaches are scanning spreading resistance microscopy (SSRM) and scanning capacitance microscopy (SCM).
4 SSRM has the advantage of higher resolution than SCM, making it possible to measure dopant profiles directly on the cross section, thereby avoiding the complications of charge-spilling effects associated with beveling. SSRM makes use of an atomic force microscopy tip biased relative to a semiconductor sample. 8 The tip is scanned across the surface in contact mode, providing a 2D electrical image of the semiconductor. The tip-sample bias voltage is usually in the range of ±10-700 mV for Si samples, and the spreading resistance can be obtained from the current measured by a a)
Author to whom correspondence should be addressed; electronic mail: susan.kluth@anu.edu.au logarithmic amplifier. The resistance can be converted to doping concentration through tip calibration and quantification routines that require minimal calculation. 9 SSRM has been used to characterize B implants into Si nanostructures. A curved diffusion front is observed that can be explained by reduction of TED due to annihilation of Si self-interstitials at lateral surfaces. Simulations predict qualitatively similar behavior.
II. EXPERIMENT
Fields of 25-125-nm-wide, 300-nm-high Si nanostructures, spaced 3 m apart, were produced by electron-beam lithography using a three-layer resist and reactive ion etching (RIE) with an HBr plasma. As an example, a scanning electron microscope (SEM) image of a 25 nm structure is shown in Fig. 1 . A field of 125 nm nanoridges was implanted with 1 ϫ 10 15 at. cm −2 , 1 keV B ions at an angle of 0°. For lowenergy B implants, channeling is inevitable regardless of the tilt angle, and this orientation allows for symmetric implants with respect to the structures. The implant and annealing conditions are those used for source/drain implantation for vertical double-gate transistors. 10 The substrate was n-type Si with a resistivity Ͼ1000 ⍀ cm. Prior to implantation, the structures were covered with low-pressure chemical-vapor deposited (LPCVD) oxide that was planarized using chemical mechanical polishing and was RIE etched leaving the tops of the ridges exposed with SiO 2 filling the gaps between the structures. 11 The oxide was removed in dilute HF after implantation. Annealing was carried out in N 2 for 0 s at 1050°C with a ramp rate of 70°C s −1 . For the SSRM measurement, a 500 nm SiO 2 layer was deposited using LPCVD (ϳ3 h at 710°C) to provide a continuous surface when scanning the sample cross section. To ensure electrical contact to every doping region (implant and substrate), tungsten was deposited by means of a FEI 200 focused ion beam at 30 kV with a beam current density of 100 pA. A schematic of the structures used for implantation and SSRM measurements is shown in Fig. 2 . Experimental full-diamond tips from a previously reported process were used 12 due to their enhanced resolution as compared to that of diamond-coated silicon tips. 13 Figure 3 shows the 2D spreading resistance profile as measured with SSRM. The applied voltage between the tip and the sample was 0.6 V, the force throughout the measurement was 40 N, and the scan rate was 0.5 Hz. We note that SSRM can successfully resolve the geometry of the B implant within a Si ridge of just 125 nm. The surrounding oxide exhibits a much higher resistance ͑R͒ ͑ϳ100 G⍀͒ than the substrate ͑ϳ100 M⍀͒ and the implanted region ͑1 M⍀͒. The variation from 10% to 90% of log͑R͒ measured in the Si substrate with respect to the surrounding oxide takes ϳ5 nm, ensuring a spatial resolution high enough to image any feature of or above this size. An obvious curvature can be seen in the front of the dopant profile. It protrudes deeper in the center of the ridge than at the sides. A clear concentration gradient exists between the region of minimum resistance at the top of the ridge and the substrate below. We define the depth of the implant as the distance from the top edge of the ridge to half the variation of the log͑R͒ between the implanted region and the Si substrate. This is 97 nm in the middle of the structure and only 89 and 91 nm at a distance of 30 nm from the sides (see Fig. 3 ). Assuming a symmetrical implant, a mean deviation of ⌬ ϳ 7 nm from a totally flat front can be inferred at those positions. For the sake of reproducibility, three more samples were measured. All of them exhibited a curved profile with variations in depth measured as in the first sample of ⌬ ϳ 6, 9, and 9 nm.
III. RESULTS AND DISCUSSION
Qualitative simulations were carried out using SUPREM-IV software. A typical doping profile within the nanoridges following annealing is illustrated in Fig. 4(a) . For this, a laterally homogeneous implant was simulated, followed by a 0 s anneal in N 2 at 1050°C. The simulations predict a lateral nonuniformity of the diffusion front. The B at the center of the ridge appears to diffuse more rapidly than in the surface regions. This effect is clearly due to the reduction of TED, because simulations using the Fermi model (which ignores the effect of nonequilibrium point defect concentrations) do not exhibit this phenomenon. This simulated profile clearly shows the same qualitative tendency to produce a curved diffusion front as the measurement. The phenomenon can be explained as follows. B diffusion is dominated by an interstitial-based mechanism, which means the B diffusivity is determined by the interstitial supersaturation. Annealing allows excess interstitials generated by the implant to diffuse either to the surface, where they are annihilated, or into the bulk. In the case of nanostructures, the surface area available for annihilation of point defects is greatly increased due to the geometry. The sides of the nanostructures act as a sink for the interstitials, thereby creating an interstitial gradient between the implanted region and the lateral surfaces. The interstitial distribution after annealing is shown in Fig. 4(b) . The higher interstitial supersaturation in the center of the ridges allows TED to proceed similarly to TED in bulk material, whereas the lower point defect population in the vicinity of the edges reduces the enhanced diffusion in this region. As a result, the diffusion front is curved. For annealing conditions that maximize TED, e.g., 750°C for 30 min, simulations show that the curvature is more exaggerated. It should be pointed out that the curved diffusion front in the nanostructures has a very different origin to the 2D diffusion observed in planar Si by Giannazzo et al. 3, 4 In both cases, it is the 2D nature of the interstitial profile that leads to nonuniform B diffusion. In their localized implants, however, the interstitial distribution results from a finite volume of interstitials diffusing in two dimensions, whereas in our case, it is the interstitial recombination at the structure edges that generates the 2D interstitial profile. Further simulations have been carried out to investigate the possibility of other sources of the observed curvature. One effect that must be considered is the lateral implantation at the sides of the nanostructures. As mentioned above, the regions between the structures are filled with oxide during the implant. Ions impinging on the region adjoining the vertical Si/ SiO 2 interface may spend part of their trajectory in either material. Consequently, their range will be affected by the two corresponding stopping powers. SRIM 14 simulations predict only a ϳ10% larger projected range in amorphous Si than in SiO 2 . However, a large difference arises due to the crystalline structure of the Si. As already pointed out, channeling is inevitable at low energies, so both the projected and lateral ranges in the crystalline Si are somewhat higher than in SiO 2 . The magnitude of this effect has been quantified using Crystal-TRIM simulations within the DIOS simulator. These simulations indicate a slight bowing of the dopant profile after implantation. The implant profile is indeed shallower at the sides of the nanostructures. However, due to the low lateral range, this inhomogeneity is confined to the region Ͻ5 nm from the sides of the structures. The experimental postanneal curvature has been quantified at 30 nm from the structure edges; hence, implantation nonuniformities cannot be responsible for the observed effect. The possibility of B out-diffusion from the nanostructures into the oxide during deposition of the top SiO 2 layer for the SSRM analysis must also be considered. However, simulations show that despite the long deposition time ͑3 h͒, the low diffusivity of B in SiO 2 at 710°C means the effect is negligible. It should also be noted that the oxide deposition process will not lead to any further TED as the initial 1050°C anneal causes all the excess interstitials to recombine so the B profile will only be subject to equilibrium diffusion following this anneal. The latter is negligible at the oxide deposition temperature as could be confirmed by simulations.
Several difficulties, described elsewhere, 13 are encountered in the conversion of the spreading resistance profile to carrier concentration for very small structures due to tip degradation during calibration. A calibration staircase sample of reduced dimensions is currently under development to reduce probe wear. Additionally, current-confinement effects may be important when measuring samples of such extreme dimensions, as the spreading resistance may be different from that in the calibration samples, which are several microns. In any case, the observed geometry of the implant should not differ significantly after the conversion.
IV. CONCLUSIONS
In summary, sub-10 nm 2D effects in the dopant distribution of B-implanted Si nanoridges have been observed by means of SSRM within a structure only 125 nm wide. Simulations indicate that the main reason for this effect is a reduction in TED due to increased annihilation of interstitials at the lateral Si surfaces. They also suggest that the junction depth will be determined by the dimensions as structure size is further reduced. Further work will include quantification of data in similar structures as a function of size. Samples will also be studied under various annealing conditions and with different dopant species to gain more insight into the exact nature of the curvature.
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